Gondwana or South America in the mid Cretaceous or early Tertiary, respectively, and spread throughout the tropics by the rafting of land masses, or by migration across higher latitudes when they had subtropical climates, or both. There is some evidence for two migrational events between the Old and New Worlds. The original pollination system may have involved pollination by pollen-collecting insects or by fragrance-collecting male euglossine bees. The origin of pollination by resin-collecting bees appears to have been a consequence of a preadaptation (exaptation): the earliest Dalechampia apparently used triterpene resins to defend flower parts against attack by herbivores and/or microbes, and resin secondarily assumed the role of pollinator reward. The mutualistic relationship with resin-collecting bees may have originated independently in the Old and New Worlds.
Trans-oceanic disjunctions of similar plant species have intrigued plant biologists since the earliest botanical explorers began to report them. We have long wondered how such disjunctions arose, when and how dispersal occurred, and how populations evolved in isolation from each other. Disjunctions create natural evolutionary experiments in which two or more populations of similar genetic stock evolve independently in response to local environmental conditions. An interesting challenge is to unravel the history of disjunctions and reconstruct the evolutionary events that have occurred since the isolation of plant populations.
Research on this topic has rarely proceeded beyond the phase of description of the distributions of disjunct sister taxa and their taxonomic relationships. This is because research on historical phenomena, especially those as ancient as the events creating trans-oceanic disjunctions, is extremely difficult, and until recently required a detailed fossil record. The development of powerful computerassisted methods of phylogeny reconstruction, however, now makes it realistic to attempt retrospective analysis of ancient biogeographic and evolutionary processes in the absence of a fossil record (see Donoghue, 1989) . The field of vicariance biogeography represents one such approach in its attempt to use analyses of phylogenetic relationships of several independent taxa as an aid to ascertaining the processes that affected the distribution of those taxa (see review in Humphries & Parenti, 1986 ).
In the present paper I consider four questions about the early evolutionary and biogeographic events that affected the members of the pantropical euphorb genus Dalechampia: (1) Where and when did the genus originate? (2) What series of events led to the present geographical distribution of species, character states, and pollination systems? respectively. Close examination of the Dalechampia inflorescence, however, indicates that its arrangement is probably homologous to that of the inflorescences of Tragia and Plukenetia (although in these taxa the inflorescences are not pseudanthial, i.e., do not function as single pollination units as in Dalechampia) (Webster & Webster, 1972) .
These three taxa are also similar in habit. Unlike most other euphorbs, Tragia and Plukenetia comprise viny species and Dalechampia comprises mostly viny species. Tragia and Dalechampia are also similar in having urticating, crystaliferous trichomes of virtually identical morphology (Webster & Webster, 1972) . For these reasons, Webster (1994) has recently proposed that Dalechampia be included in tribe Plukenetieae (with Tragia and Plukenetia) rather than isolated in its own tribe as in earlier treatments (e.g., Webster, 1975) . The striking similarities among these three genera and their inferred close relationship make it possible to use, with considerable confidence, Tragia and Plukenetia as candidate outgroups in the phylogenetic analyses described below.
Despite the relatively uniform blossom morphology in Dalechampia, there is considerable variation in the reproductive biology. Most species in both the Paleotropics and Neotropics offer resin as a pollinator reward and are pollinated by female or worker bees that collect resin from a variety of plant sources and use it in nest construction (Cammerloher, 1931; Armbruster & Webster, 1979; Armbruster, 1984; Armbruster & Mziray, 1987) . The resin is secreted by a cluster of modified bractlets (the "resin gland") associated with the staminate flowers (Webster & Webster, 1972) . About a dozen species in the New World offer fragrances as a pollinator reward and are pollinated by fra-grance-collecting male euglossine bees (Apidae: Euglossini) (Armbruster & Webster, 1979; Armbruster et al.,, 1989; Armbruster et al., 1992) .
These bees apparently use fragrances as precursors in the biosynthesis of sex pheromones (Dressler, 1982; Whitten et al., 1989) . Several species in the Neotropics and in Madagascar appear to produce no reward for pollinators other than pollen; these species are pollinated by pollen-collecting bees and beetles (Armbruster et al., 1993) .
Species of Dalechampia are found throughout the lowland tropics of Asia, Africa, and the New World, although the greatest diversity is expressed in South America (Fig. 1 Several authors have concluded that the glandless species found in Madagascar form the most basal species group in the genus (Michaelis, 1924; Magin, 1987) , while Webster & Armbruster (1991) considered the glandless species of northern South America (sect. Rhopalostylis) to form probably the most basal group. It is possible that the Madagascan and South American glandless species, which share numerous characteristics, form a single basal monophyletic or paraphyletic cluster of species. This raises the possibility that Dalechampia has a complex biogeographic history, with multiple migrations among the continents and independent evolution of the mutualism with resincollecting bees in the Old and New World tropics (Armbruster & Mziray, 1987) . Alternatively, if the resemblance between Madagascan species and members of section Rhopalostylis is the result of homoplasy (character convergence and/or reversals), there may be no reason to reject a very simple biogeographic history involving an origin in the New or the Old World, followed by dispersal to the other hemisphere. Armbruster & Mziray (1987) proposed four alternative dispersal hypotheses that could explain the present distribution of Dalechampia species:
(1) recent long-distance dispersal of species among continents, (2) migration across mid-to high-latitude land bridges during the Tertiary, when these latitudes had subtropical climates, (3) a nearly con- Swofford, 1993 ) on a Macintosh microcomputer to find the shortest trees. In this analysis ancestral states were not specified (i.e., characters were not polarized). Instead, PAUP determined the ancestral states through global parsimony (Maddison et al., 1984) , selecting the more parsimonious of the two sister taxa to be the outgroup. I used MacClade 3.0 (see Maddison & Maddison, 1992) to explore alternate tree topologies, analyze character evolution, assess tree congruence with alternative biogeographic hypotheses, and produce graphics.
After an initial run with the full set of taxa Iterative cladistic runs were conducted to determine the sensitivity of cladistic results to initial assumptions about character reversibility ( I then examined each of the numerous maximally parsimonious trees to determine the simplest biogeographic and evolutionary scenarios that could explain the distribution of taxa, character states, and pollination systems and were consistent with the tree. This was accomplished by manually mapping distribution and pollination ecology data onto each tree using the parsimony assumption (see Maddison & Maddison, 1992) .
RESULTS
When all characters were assumed reversible, cladistic analysis of the set of 34 taxa yielded 436 equally parsimonious trees (120 steps, consistency index [CI] = 0.47). The large number of equally parsimonious trees reflects instability in the placement of a few similar taxa (Fig. 2) . The gland characteristics, pollination ecology, and geographical distribution of the various ancestral taxa (nodes of the tree) were inferred by parsimony from the distribution of these characteristics across the extant taxa (Maddison & Maddison, 1992) . "Mapping" of characteristics onto the consensus tree allowed inference of the history of these ecological and biogeographic features. Despite the abundance of equally parsimonious trees, the evolutionary and biogeographic implications of this cladistic analysis generally supported Hypothesis 1 (Table 3) Table 3 ). Numbers in parentheses indicate the proportion of maximally parsimonious trees consistent with each hypothesis. The assumption that the fusion of staminate bracts is irreversible, when taken alone, produced 252 maximally parsimonious trees, 96% of which supported HI (Table 2) Table 2 is Character 41 > Character 20 > Character 17.
All of the phylogenetic hypotheses derived from the cladistic analyses lead to two basic conclusions.
(1) Dalechampia originated in the Neotropics or There is some ecological information available on butterfly herbivores that feed on Dalechampia (Table 4 ; see Armbruster, 1983; Armbruster & Mziray, 1987; DeVries, 1987) . Unfortunately there
is not yet detailed information available on their phylogenetic relationships. The systematic ( Otero, 1990; Ackery, 1988 (Armbruster, 1984) . Therefore, it seems at first highly unlikely that pollination by resincollecting bees would have arisen multiple times in the genus. Any biogeographic scenario invoking this would also seem improbable. Consideration of how the system arose, however, makes multiple origins of the relationship seem more probable. Table 2 ), which was assumed irreversible. The figure shows the species distribution mapped onto the c and origins of the mutualism with resin-collecting bees ("resin mutualism" = RM). Taxa with unstable arrangements in the 42 maximally parsimonious trees are indicated by polytomies.
to arrive in the Old World, as well as in the New World species. This is confirmed by the secretion of "defense" (non-reward) resins by many of the Madagascan species as well as several members of section Rhopalostylis. Thus the stage would have been set similarly in both the Paleotropics and Neotropics for the evolution of the mutualism with resin-collecting bees. Resin-collecting bees were probably already present in both the Paleo-and Neotropics (Michener, 1979) . It thus seems not so unlikely that the resin-collecting mutualism might have originated independently in both places. Table 2 ), which was assumed irreversible. The figure shows the species distribution mapped onto the cladogram and origins of the mutualism with resin-collecting bees ("resin mutualism" = RM). Taxa with unstable arrangements in the 252 maximally parsimonious trees are indicated by polytomies. did with lepidopteran symbionts), and it colonized the Old World by some mode other than longdistance dispersal, we might expect to see sister genera of bees visiting Dalechampia on either side of the Atlantic as we observed in the lepidoptera.
We do not see this; there are not close phylogenetic relationships between the major pollinators in the New World and the Old. The most likely candidates, Hypanthidium on neotropical Dalechampia and Pachyanthidium on South African Dalechampia (Steiner & Whitehead, 1990; Armbruster & Steiner, 1992) , are not particularly close within the Anthidiini (C. D. Michener, pers. comm.) . This suggests dispersal between continents either was long-distance over oceanic barriers to bees, or occurred prior to the evolution of the resin mutualism (consistent with H3 but not HI), or somehow occurred without the bees "following" the plant.
A somewhat surprising feature of HI is that it has the Dalechampia that colonized Madagascar abandoning pollination by resin-collecting bees and reverting to pollination by pollen-collecting bees and beetles. This is surprising because pollination by resin-collecting bees appears to be a very successful pollination system, as evidenced by its abundance in the genus (some 80% of Dalechampia species are pollinated in this way). If this occurred, we could expect there to be some disadvantage to pollination by resin-collecting bees in Madagascar.
There might actually be such a disadvantage; according to C. D. Michener (pers. comm.) , except for tiny Trigona spp., which are often too small to be effective pollinators (see Armbruster & Mziray, 1987; Armbruster, 1988) , resin-collecting bees are notably uncommon in Madagascar.
DISCUSSION AND CONCLUSIONS
In this study I have tried to illustrate the advantages of using the results of cladistic analyses to develop and refine hypotheses about the bio- Whether this is realistic remains to be determined. where the mutualism with resin-collecting bees was lost. This explanation is similar to explanations of the dispersal history of a number of plant groups (Raven & Axelrod, 1974) . For example, the usual explanation of pantropical distribution of the Malpighiaceae is that the group originated in South America in the late Cretaceous/early Tertiary, evolved a mutualism with oil-collecting bees (based on oil secretion by calyx glands), and more recently colonized the Paleotropics, where the mutualism was lost (Raven & Axelrod, 1974; Anderson, 1979) .
It appears that
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